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The prediction'(ofliquid rJlm journal
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D Dowson,BSc,PhD,DSc,CEng,FIMechEandC M Taylor, BSc(Eng),MSc,CEng,MIMechE
TheInstituteofTribology,DepartmentofMechanicaIEngineering,Universityof Leeds
A A S Miranda, MSc,PhD
UniversityofMinho,Braga,Portugal
[ Analysesanddesigndatafor plainjournalbearingsrarelytakeintoaccounthephenomenonffilmreformation.Theconsiderationfthere-establishmentof helubricantfilm afterthecavitationregionis difficultin a numberofways.The importanceof allowingfor
reformationis, however,beingincreasinglyrecognized.Tht.J is particularlytrueas regardsthesatisfactorypredlctionof lubricant
ftowrate...andthethermaloperatingcharacteristicsof a bearing.Theauthorshavepreviouslyimplementeda cavitationalgorithmto
enablethecavitationregionina plainjournalbearingtobeIocatedautomaticallyandefficientlyina computeranalysis.In Part I of
thepresentpapertheoreticalresultshavebeenpresentedfor thecaseofaplainbearingwithasquare-ended,axialgroovelocatedatthe
positionofmaximumfilmthickness.Thesecondpartofthepapergivesdetai/sofanexperimentalinvestigationdesignedtoestablishthe
validityoftheanalysis. .'
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,:j> NOTATION
Jroovewidth
bearingwidth
radialclearance
diametralcIearance
shaftdiameter[ =2rJ
eccentricity
supplypressure
dimensionlesssupplypressure[ =pr<.c/r)2/1/o.J
sideleakageflowrate
dimensionlessideleakageflowrate[=QJcbU]
temperature
shaftsurfacevelocity[=ro.]
groove(circumferential)length
ruptureboundarylocation
reformationboundarylocation
eccentricityratio[=e/c]
dynamicviscosity
kinematicviscosity
angularvelocity
1 INTRODUCTION
The authorshavepreviouslypublisheddetailsof their
implementationof the cavitationalgorithmof Elrod
andAdams(2,3)toenabletheruptureandreformation
boundariesin a plainjournalbearingto belocatedeffi-
ciently by numericalanalysis(1). In Part 1.of the
presentpapertheoreticalresultsfor a wide rangeof
operatingparameterswerepresentedfor thecaseof a
full 3600bearingwith a single,square-ended.axíal
groovelocatedat themaximumfilmthicknessposition.
In Part2 of thepaperanexperimentalstudyto invesú-
The MS wasreceivedon29 June 1984andwasacceptedfor publiclJlÍOll01116
October1984.
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gatethecorrelationbetweenthetheoreticalpredictions
andempiricaLdataisdescribed.
The testfacilitydeveIopedhad the specificaim of
makingpreciseIIleasurementsof thelubricantflowrate
and of the locationof tire ruptureand reformation
boundaries.Throu.ghtheuseof glassbushesa visual-
izationof theflo)VÍn eachbearingwaspossible.The
designof theapparatusenabledtheeccentricityratioto
befixedforagiven~test,whileshaftrotationalspeedand
lubricantsupplypressurecouldbevaried.The experi-
mentalresultswerecomparednot only againstthe
authors'ownpredictionsbutalsowiththedatapresent-
edin ESDU ItemNo. 66023(4).Thelatterdesigndocu-
menthasbeendiscussedin Part 1ofthepaper.
2 EXPERIMENTAL APPARATUSAND
INSTRUMENTATION
2.1Theapp:uatus
A photographof theexperimentalpparatusis shown
in Fig. 1.A briefdescriptionof itsconstruction,thetest
bearingsandassociatedinstrumentationwill begiven;
fullerdetailsmaybefoundin Miranda(5). .,
The test machine consistedessentiallyof two
brackets,one fixed and supportingthe main shaft
assembly,the othermovableand carryingthe glass
bushmountingdevice.The positionof the movable
bracketwithrespecto thefixedonewascontrolledby
thethicknessesofaninterchangeablepackingplateand
a pairof interchangeablepackingblocks.By twsmeans
a preselectedoperatingeccentricityratio for the test
bearingcouldbepreciselyset.
Thesteeltestshaftwasmountedontaperrollerbear-
ings preloadedto removeinternalclearanceand to
increasestiffness.Thepreloadingsystemconsistedofsix
helicalsprings,eachhavinga springconstantof93kN/
m, thepreloadbeingtransmittedto the testbearing
n
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throughan endcapoThe shaftwasdriventhrougha
pulleysystemby an infinitelyvariablespeed,1.1kW
electricmotor.The testbushwasmountedon brass
clampsleeves.Thesewerepulledagainstthe tapered
endf.of the glassbushesby meansof six clamping
screws,threeon eachside,120°apartoln additionsix
adjustmentscrewswereprovidedto assistin thesetting
of thetestbushes. .
Glass bushes'wereusedin the experiments.Their
boresshowedamaximumdeparturefromcircularityof
i18J.Lm,comparedwith the radial clearanceto beempl,?yedin the~earingsof 1~8J.Ltp:ThJ;"e,ebu~heswere
used10theexpenrnentshedlmenslOnsofi;.)vhlch,apart
from thegeometryof theoil süpply.recess,werenot
significantlydifferent.Two of the,.testbushesareshown
in Fig. 2.Thewallthicknessoí thepusheswasapprox-
imately6.5mmandthedimensiOJ1sofeacharedetailed.!ooo.
in Fig. 3. As can be seenbush.l:'hada supplyhole
whilsttheremainingtwobusheshâdgroovesto intro-
ducethelubricantinto theclearanc;'space.Thediam-
eterof theoil inletpipetoali thebusheswas6 mm.The
techniqueusedto machinethe supplygroovinghas
beenfully documented(5).Carefulcalculationswere
carriedout to determinethedeformationof theglass
busheswhensubjectedto themostadverseof thetest
conditionscontemplated.Thechangesin filmshapedue
tosuchdeflectionswereinsignificant.
The lubricantsupplysystemconsistedof a supply
tankcontainingabouttwelvelitresoCoil,apumpwitha
Fig. 2 Twoglasstestbushes
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Fig. 3 Dimensionsin mm of the glassbushesilsedin the
experimentalprogramme.Shaftdiameter63.22(5)mm
variablespeeddrive, a rélief valve and pulsation
damper.The oil issuingfrom the bearingwas dis-
chargedinto a collectingtrayandreturnedby gravity
to thesupplytank.Thevariablespeed rivefittedtothe
pumpenabledtheoil supplypressureto thetestbearing
to bealtered.At supplypressuresgreaterthan1.5-2.0
bar(150-200kNjm2)it wasfoundnecessaryto incorpo-
ratea damperin thesupplysystemin orderto smooth
thepulsationsin oil flowdeliveredby thepump.The
damperconsistedof a rubbcrsleeve,throughwhichthe
lubricantpassed,housedin achambersuppliedwithair
underpressure.Thelubricantemployedwasa Shelloil
designatedHVI 60,a straightmineraloil towhicha red
dyewasaddedto facilitatevisualobservationsoftheoil
filmin thebearing.A suspendedleveiU-tubecapillary
viscometerwasusedto determinetheviscositycharac-
teristicsof thelubricant.The kinematicviscosity(v in
centistokes)of theoil asa functionof temperature(t in
0c)wasdeterminedtobe:
10glOlOglO(V + 0.8) =9.567- 3.77210glO(t+ 273)
Thedensityof thelubricantat 19°Cwas867.5kgfm3
and variationsof densitywith temperatureover the
conditionsof theexperimentswerenotsignificant.Thus
thedynamicviscosityof thelubricantwas0.0224Nsjm2
at40°Cand0.004Nsjm2at100°C.
2.2Theinstrumentation
Provisionwas madeto enablethe accuratedetermi-
nationofthefollowingparameters.
(a)Eccentricityratio By designthevalueof theeccen-
tricity ratio aI1d the location of the position of
maximumfilmthicknesswereto bedeterminedby the
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Supply Resulting
geometry Cd
Bush1 Oil hole 63.50(1)63'5 12 12 0'27(6)
Bush2 Axialgroove63.50(2)63,5 26 12 O'27(7)
Bush3 Axialgroove63.50(2)63'5 45 12 O'27(6)
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theetheoreticalarid"experimentaldata(5).Theresultsof
suéiitests;confirmedthattheapparatuscouldbeused
withconfidencetoprovi<!eexperimentaldatafora wide
rangeóf operatingparameters.A carefultestprocedure
wasdevelopedand{hishasbeendescribedin detailby
Miranda(5).It is worthyofnotethatthermalstabiliza-
tionof theapparatusfor a particularsetof testcondi-
tionstook aboutfour hours.Fortunately,therateof
chángeof thelubricanttemperaturesa measuredwas
moderateandit prove::lunnecessaryto waitfor stabili-
zation beforetaking results.Changesover the time
periodnecessaryto effectall measurementsrequired
weresmalland couldbe accommodatedby a simple
averagingpro'cedure.
t
b
'iliicknessof thepackingblocksandplatementionedin
:Sectlon2.1.In factthisdid not proveentirelyreliable
reineto theflexibilityof thecomponeiltsinvolved.A
~e::P.í:?~~c!blete.chniqueof settinga preselectedvalueof
'eccentnc1tyratlowasthereforedeveloped(5).Themost
[súftablt:packingblocksforadesignvalueofeccentricity
.1atiowerefirst assembledin the testapparatus.The
:actuaI-eccentricityratiowasthendeterminedbyuseofa
"dialgauge.The gaugewasattachedto theinletbrass
.pipeof thetestbushbymeansofanadaptersleeve.The
plungerof theindicatorpassedthroughtheinletpipe
:~a groovetocontactheshaftdirectly.Whentheglass
bush,wasrotatedbyhandaboutthestationaryshaftthe
positionof maximumclearanceand the eccentricity
ratiocouldbe determinedby thedisplacementof the
plungerasindicatedonthedialgauge.Theapproachof
settingtheeccentricityratiogreatlyfacilitated.thecom-
parisonof theoreticaland experimentalresults,since
withouta precisemeasurementof it sucha correlation
wouldbecomequestionable.The disadvantageof the
,àrtangementadoptedwasthattheloadon thebearing
'w:âsriotknown directly.However,for thepurposeof
tbetestprogrammeproposedthiswasnotan inconve-
;riience. '
tdf)f.Sliaft,rotationalspeed Thiswasdeterminedusinga
'i'éFfãChometer.
~4lt,éantsupplypressureA Bourdon-tubepressure
a~;.usep.to measurethepressureof theoil sup-
14he~test.bearing.A flexibleplasticpipe9 mmin
'''':7;na;9;8~IÓngconnectedthepointwherethe
.,êi\Vas,positioned(seeFig. 1)withthebush
"&,pressuredropdownthispipewasnegli-
,:êqmpãredwith themagnitudesof supply
o[§<f.
",,!~peraturesFor this purposenickel-
;e};"aluminiumthermocouplesinconjunc-
o .._._,.~1!onicthermometerwereemployed.An
, ..afel1'bath>was-usedto checkthe thermometer
~~efi~ro,:temperature.The temperatureof theoil
V~;the,:bush:andsideleakagefromthebushwere
SU'f~p~âirectly.Thetemperatureiseof thelubricant
;\'~~âWroughthetestbushwassmallenoughto
"' .Jipuse orthelubricantoutlettemperatureasthe
,~TlV~Óperatingtemperature.No directmeasure-
~[0f!temJ?eraturein thelubricantfilmweremade
,-:ant'jlhwrate The methodusedto measure
1.i~~~::ratefrumatestbearingwassimpleand
liaPle; reproducibleresults.The oil dis-
tlhe:sldesofthetestbearingduringagiven
:of"áparticulartestwascollectedin aport-
.e:weightofwhichhadpreviouslybeendeter-
fé 'iray.,cand"oil collectedwerethenweighed
,õwratedeterminedwith a knowledgeof the
*~he'hibricant.
Jc;n ofthe ruptureand reformationbound-
_:scale~graduatedin degreeswasengràvedon
~~,!,ràssclampsleevesholdingtheglasstest
~1.enableda equatedeterminationof theloca-
'f~~Ii!ptureandreformationboundarieson the
~~:lipeandedgewithrespectto theoil inlet,
ocatedat themaximumfilmthicknessposi-
" ...
,:commissioningtestswerecarriedout to.
};Í!otentialsourcesof discrepancybetween'
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3 mE TEST PROGRAMMEAND SOME
QUALITATIVE OBSERVATIONS
The dimensionlessgroupspertinentto the analysis
describedin Part 1ofthepaperwereb/d,a/b,w/d,8and
Pc. For.the threebushesusedin theexperiments( ee
Fig..1)'"the groups__definingthe bearingand groove
geolI!.etrywereasfollows:
The radialclearanceratio,c/r, was4.37x 10-3 for
eachbearing.Theparameterswhichcouldbevariedin
the testswereeccentricityratio,8,and dimensionless
supplypressure,Pc. The lattergroupwas dependent
uponoil supplypressure,shaftspeedandtheeffective
temperature(or viscosity)of thelubricant;thefirsttwo
of thesewerefixedwhilethelatterwasmeasured.
Two basicsetsof experimentswerecarriedout as
indicatedin Fig. 4.In thefirstof theseeachof thethree
busheswastestedat thesamefixedshaftspeedfor a
completepermutationof sixvaluesof eccentricityratio
between0.2-0.8andfourvaluesorgaugesupplypress-
urefromzeroto 2.7bar(0-270kN/m2).For thesecond
setof experimentsonlybush2 wastested.The eccen-
tricityratiowasfixedandtestscarriedoutforfiveshaft
rotationalfrequenciesfrom 200-1000r/min at two
valuesofoil supplypressure.
Theuseof glassbushespermittedvisualizationof the
oil filmin thebearing.Theonsetandphysicalnatureof
cavitationhasprovedto beof interestandfascination
to many researchworkers.Someparticularfeatures
observedbytheauthorswere:
1. In thetestcarriedout withbush1(oil hole)at low
valuesof eccentricityratio« 0.3)and at thefixed
shaftrotationalfrequencyof 600r/min (10Hz), a
completefilmofoil wasobservedaroundthebearing
at all oil supplypressurestested.When the shaft
speedwasincreasedair bubbleseventuallyappeared
in thedivergentfilmregion.Thevalueofshaftspeed
at which this occurredwas dependentupon the
supplypressureanddecreasedasthelatterincreased.
ProeInstnMeehEngrsVol 199No C2
Bearing Grooveto Groove
widthto bearing lengthto
diameter width bearing
Bush Supply ratio ratio diameter
number geometry b/d a/b ratiow/d
B"lsh1 Oi! hole 1 0.189 0.189
Bush2 Axialgroove 1 0,409 0.189
Bush3 Axialgrõove. 1 0.709 0.189
-,
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Fig. 4 Theprogrammeoftests
Someof theair formingthesebubbles,whichwere
not fixedin position,hadbeeninducedthroughthe
oil supplypipeandmovedupstreamonentryto the
bearingfilmoIn theexperimentswith bush2 (axia!
groove,a/h= 0.409)atB=0.26airbubblesappearc:d
in theregionupstreamof thegroovewhenthesupply
pressurewasaboveambientoAt zerosupplypressure
therewas a completeoil filmoWith bush3 (axial
groove,a/h=0.709)at B=0.29air bubbleswere
observedin thedivergentfilm regionat alI supply
pressurestested.
2. As theeccentricityratio wasincreasedfor alI tests
the ruptureand reformationboundariescould be
clearlyidentifiedgiving a welI definedcavitation
region.Any axial misalignmentbetweenbushand
shaftcouldbedetectedby thelackof symmetryof
thebubblepattemin thecavitationzoneor more
particularlyby theshapeof thereformationbound-
ary.While theruptureboundarywasmoreor less
straight,thereformationboundaryat eitherlow or
highsupplypressureconditionshada curvedshape
very similar to that predictedby the theoretical
analysis.Figure5showsexperimentallyobservedref-
ormationboundariesandthecorrespondingtheoreti-
calpredictionsfortwodifferentoperatingconditions.
3. Theinfluenceof theoil supplypressureontheextent
of thecompletewidthfilm wasclearlyseenin the
testsinvolvingbushes1and2.At agivenshaftspeed
and eccentricityratio,and with zerogaugesupply
pressur~,thecavitationregionextendedwelldown-
streamof theinlet.As thesupplypressureincreased
Proc Insln MechEngrsVol199No C2
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Fig. S The experimentallyobserved(Ieft)and the theoret
callypredicted(right)shapesof thefilmreformatio
boundaryfor bush2 at e=0.67,Pr=O(upper)an
e=0.67,Pr=0.64(Iower).Shaftrotationwasfromle
to right
the reformationboundarymovedupstream.Th
locationof the ruptureboundarywas not signif
candyaffectedbytheoilsupplypressure,anobserv~
tion which is in agreementwith theoretic:
predictions.
4. lu testswith a variableshaftspeeda stablerefo:
mationboundarywasob~ervedat low values(
supplypressure.At highervaluesof supplypressur
however,an instabilitywasobservedat theair-o
interfacein thefilmreformationzone.Thiswascha:
acterizedbythelocalbreakdownof theair-oil inte
facesdueto whatseemedto be thecollapseof a
bubblescarriedby theoil inletstreamandmovin
upstreamfromtheinlettothereformationboundar
At givenvaluesof eccentricityratioandoil SUppi
pressurethereexisteda valueof shaftspeedabo\
which this instabilityoccurred.This phenomenc
hasalsobeenobservedby ColeandHughes(6)an
HargreavesandTaylor(7).
4 RESULTS AND DISCUSSION
The empiricalresultsobtainedfrom the first set i
experimentsdetailedin Figure4 weredesignedto gi\
datafor a fixedshaftspeedand variableeccentricii
ratioandsupplypressure.Themostconvenientway
presentinga comparisonof experimentalresultsar
theoreticalpredictionswas in a graphicalformOftl
with the dimensionlesssupply pressure [Pc=
pr<c/r)2/r'/n]asaparameter.Whilsttheangularvelocit
n, andoil supplypressure,Pr, couldbekeptconstar
for fixedvaluesof thesequantitiesthe dimensionle
supplypressurevariedfromoneeccentricityratiosit
ation to the nextby virtueof the changein the (
temperatureandhencedynamicviscosity,r'/.It provI
cúnvenient,herefore,to interpolatetheresultsfor tJ
sideleakagerateandthelocationof therupturear
e IMechEI'
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!.t.I' Oif.efórm~tionboundaHes,atselectedvaluesofdimension-
i:' I -tesisupply'pressure,for eachvalueofecc€mtricityratio
~on3idered.The natureof thevariationof thesepar-
ameterswasentirely'conducivetosuchaninterpolation.
Valuesof thedimensionlessupplypressureof O,0.5,
1.0,1.5werechosenforthisprocesso
4.1'"Side leakage ftow
Figures6 and7showthevariationof thedimensionless
sideflowrate,Qs, with eccentricityratia for the four
valuesof the dimensionlessoil supplypressure.The
interpolatedexperimentalresultsarecomparedwiththe
theoreticalpredictions,basedontheauthors'filmrefor-
mationanalysis.Figure6 is for bush1(oilholesupply)
whilstFig. 7 relatesto thegroovedbu~h2. ExcelIent
correlationbetweentheexperimentaldataandtheoreti-
cal'predictionshasbeenachievedfor bothbushes,as
indeeditwasfor bush3, thecorrespondingresultsfor
whichmaybefoundin Miranda(5).
The theoreticalresultsfor bush1 wereobtainedby
takinJta 'square'supplyholeof sideequalto theoil
'hole"diameter.For thisbushat Pc=0.5themaximum
percentagedifferenceobtainedbetweentheinterpolated
experimentalresultsand theoreticalpredictionswas
17.2percent(percentagedifferencesarewithrespecto
thetheoreticalresult).At othervaluesof thedimension-
lesslo;.supplypressurethe correlationwas better,the
ma;&mumdiscrepancyatPc=1.5being12.7percent.
~ith bush2,ascanbeseenfromFig. 7,verygood
correlationof sidefloVlratewasachievedatlowvalues
of thedimension!essupplypressure(Oand0.5)for alI
valuesof eccentricityratio.At highervaluesof Pcthe
experimentalresultsbeganto show some scatter.
However,themaximumpercentagedifferencebetween
theexperimentalndtheoreticalpredictionswaslimited
to 22.8 per cent aí Pc=1.5. Many factors could<be
Pr
1.2
~
}
Experimental
6 imerpolaled
O
),5 (e)
- Theorelical
),0
EccemricilY ralio, I>
Fig.6 A comparisonof theinterpolatedexperimentalresults
ofdimensionlessideflowratewiththetheoreticalpre-
dictionsfor bush1 (oil hole).Rotationalspeedof the
shaft600r/min(10Hz)
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E'ig.7' A comparisonof theinterpolatedexperimentalresults
ofdimensionlessideflowratewiththetheoreticalpre-
(:diCtioJIs.Jorbush2 (axialgroove,a/b=0.409).Rota-
ç tiónÍllspeedoftheshaft600r/min(10Hz)
~sI!oÍ1siblefor thediscrepancybetweenthet:xperimen-
taHfataandtheoreticalpredictions.Errorsin thedeter-
mi~~<>tt-of.eccentricityratioandthe locationof the
mãXím.ilm,Jl1m thicknesspositionwill be partialIy
responsible,however,shaftjbushmisalignmen~was
thoughtto bea moresignificantfactor.Deficienciesin
thetheoreticalmodelmustalsobebornein mindwhen
contemplatingthe differences.Tht: discrepanciesare
remarkablylow andtherecognitionof thisfactis most
important.
Theeffectof shaftrotationalfrequencyon sideflow-
ratefor bush2 is shownin Fig.8. The dimensional
resultspresentedare for a fixed eccentricityratio
(6=0.67)and for two testswith gaugesupply pressures
of O and 1.7bar. Once againexcelIentcorrelation
betweenexperimentalresultsandtheoreticalpredictions
was obtained.At the supplypressureof 1.7bar the
experimen~alflowrateswerealI greaterthanthetheo-
reticalpredictions,themaximumdifferencebeing14.2
percentatthelowestshaftspeed.
Whenthedifferencesbetweenthesideleakagerates
for thetwo supplypressuresituation.sshownin Fig. 8
arecalculated,theyarefoundto bein therange13.5-
14.2x 10-6m3/s)for alI valuesof shaftspeed.This is
an interestingobservationwhichlendssupportto the
approachadoptedby a numberof journal bearing
designproceduresin whichsideleakageiscalculatedas
thesumof twocomponents:(a)a 'zerosupplypressure
flow'in whichflowis inducedbytheshaftsurfacespeed
and(b)a 'zerovelocityflow'whichdependsuponthe
lubricantsupplypressureandis determinedass!Jminga
stationaryjournal. For the caseof the ESDU Item
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Fig. 8 The influenceof shaftspeedon side flowratefor bush
2 (axialgroove,a/b = 0.049)at fixed8= 0.67
No. 66023(4)thishasbeendiscussedfullyin Part 1of
~ thepaper.
t In consideringtheagreementbetweenexperimentally
measuredandtheoreticallyprcdictedflowratesobtained
bytheauthors,it is importantoputtheresultsintothe
contextof correlationsoften obtained.Toe lack 01'
agreementis sometimeso profoundthatresearchers
choosenot to makecomparisonsin their published
work.Differencesof over100percentarenotuncom-
mon(7)andthishastendedtocastdoubtuponthedata
used'indesignproceduresandtheirinfluenceuponcriti-
cal designparametersuchas maximumbush tem-
perature.Hargreavesand Taylor (7, 8) in a study
directedt(lwardsobtainingan improvedunderstanding
of thetruelubricantflowratein bearingsandits satis-
factorypredictionexamineda grooved,rectangular,
thrustbearing.With careful,attentionto thedesignof
the experimentalapparatusand the e!iminationor
reductionof thefactorslikely to causea discrepancy
betweenexperimentalmeasurementsaod theoretical
predictionsof flowrate,goodagreementwasobtained.
For a staticbearing(8)an averagediscrepancyof less
than 7 per centin 180testswas obtained.With a
movingrunner(7),for whichan air-Iubricantinterface
akin to thereformationboundaryin a journalbearing
mayoccur,theerrorwas20percentoveraseriesof235
tests.Suchresultsuggcstedthattheoreticalpredictions
oI flowrate,with a soundmode!of thelubricantfilm
andits cavitationinterfaces,wl;:readequate.The poor
correlationoftenobtainedmightbe dueeitherto i1l
defined experimental conditions (e.g. undue
misalignment)or an unsatisfactorymodelof thelubri-
cantfilmo
Theoutstandingcorrelationobtainedbetweentheory
andpracticeby thepresentauthorsfor lubricantflow-
ratein a journalbearingmatchestheresultsof Har-
greavesand Taylor for the groovedthrustbearing
geometry.The carefullycontrolledexperimentaltests
Proc lnstnMechEngrsVoll99 No C2
haveresultedin empiricaldatawhichbearsexcellent
comparisonwith theanalyticalpredictionsusingthe
film reformationmode!.Suchagreementwouldc1early
havebec:nmuchworse(seePart 1of thepaper)hadthe
theoreticalpredictionsbeenmadeon the basisof ao
analysistakingnoreformationof thelubricantfilminto
account.
",
4.2Thelocationofthefilmreformationand
reformationboundaries
A comparisonof theexperimentalmeasurementsof the
angularlocationof thebeginningof thefullwidthfilm,
(Xr,andtheangularlocationof thefilmrupturebound-
ary,(Xc'withtheoreticalpredictionswascarriedoutfor
all thetestsconducted.Thecorrelationforall threetest
busheswassimilar.
Figure9 showsa comparisonof theexperimentally
determinedreformationboundarylocation,(Xr,with
theoreticalpredictionsfor bush2 takinga fixedshaft
speed.For all valuesofeccentricityratiover)'goodcor-
relationwasachievedat thelargervaluesofdimension-
less supply pressure(1.0 and 1.5).The maximum
discrepancyfor Pr =1.5was 5°.While theagreementin
observedand predictedlocationsof the reformation
boundarywasgoodat higheccentricityratios,at the
lowervaluesof dimensionlesssupplypressure(Oand
0.5)a significantdivergencebecameapparentat low
eccentricityratios(8< 0.5).Themajorsourcesofexperi-
mentalerrorwerefeltto betheintroductionof shaftj
~
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Fig. 9 A comparisonof theinterpolatedexperimentalresults
forthelocationofthefilmreformationboundarywith
the theoreticalpredictionsfor bush2 (axialgroove,
a/b=0.409).Shaftspeed600r/min(lOHz)
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iefit 'ind impreciselocationof the
'xifuÜmfilnr thickness(5).However,it
reasonabletoattributethediscrepancies
[b\Vvaluesof eccentricityratio with low
r~l~JlPplypressureto thesecauses.It is
~tl1áLverygoodagreementbetweentheo-
x~rimentalvaluesof sideleakageratewas
If:$uchconditions.An explanationfor the
;~repoltedhasnotyetbeenidentified.The
:e'experimentaldatafor Pr=Ois consistent
í'redictionsof Etsion and Pinkus'(9).The
:lÍe.ve,however,thattheEtsionand Pinkus
~dnditionatfilmreformationisincorrect(1).
rifaiiónof experimentaldatafor tbeangular
;r.lheruptureboundary,IXcis givenin Fig. 10
$'fficarriedoutwithbush3 at a fixedshaft
~'()il supplypressuredid not significantly
ã,Bcationof thisboundarywhichwasessen-
ri~t:jI'hetheoreticalcurv:.of.Fig. 10~etails
~ti'dnsOflXcforalIvaluesofPrwlthamaXlmum
'Whilstthegeneraltrendof theexperimen-
I~eticakresultsis good, largedifferences
:íoA2°)àfe,obtainedatalI valuesof~ccen-
_ t"
ajscrepanciesareattributedto theinade-
;~fiI1Í1rtÍpturemodelincorporatedin the
'âlysis.The applicationof theElrod and
pOn,algorithm(2,3)invokestheReynolds
dition,, at rupture(1).This deniesthe
~~{!i"@l1bient(or egativegauge)pressures
I~ôe:'existenceof a sub-ambientpressure
i~ttfIY'i1pstieamof theca-,ritationregion
l:y~d'[>y'manyresearchworkers.Indeed
nortensilestressesin lubricantfilmshas
:faÍlyconfirmed.A detailed iscussionof
.itoundaryconditionswhich might be
i!~Jicularlyfor lightlyloadedbearingsitu-
,.:-eifoundin DowsonandTay~or(10).The
Lb,erg(11,12),CoyneandElrod(13,14)and
~há.veclearly identifiedthat alternative
rdaryconditionsto thoseidentifiedbyRey-
'f1çsultin significantdifferencesin thepredic-
,e,~Jo?tionof theruptureboundary.Thisis
,e''ündoubtedsourceof the discrepancies
,;lF.'ig.10particularlysincethediscrepancyis
"~)nto beexpectedif a sub-ambientpressure
,eÇl.fatelyupstreamof theruptureboundary.
:U~cyof thepredictionof thelocationof the
r.e:.!?ó,undarydoesnotappeartobesignificant
~Í1ation of thelubricantsideleakageflow-
i~,probablybecausethe predictedflowrate
Blptureboundaryis not greatlyaffectedby
'3:gõpted(15)andif thisis thecasethecontin-
~F:-::erationsinvolvedin specifyingflow condi-
letWiIInot beseriouslyinfluenced.Further,
~~suresin thevicinityof filmruptqremust
~..):)esmalI,it wouldbe expectedthat other
t~~,~(e.g.load capacity)would also not be
_~t5dfor moderatelyand heavilyloaded
, tiOns.
te~estingto speculatethat the differences
,lftheoreticalandexperimentaldataforrefor-
iP-}!lldarylocation(Fig.9)at low dimensionless
'ress.':lreandloweccentricityratiomightbedue
.i~I1'Inpredictingruptureboundarylocation.
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A comparisonof the experimentalresultsfor the
locationof thefilmruptureboundarywiththetheo-
reticaIpredictionsfor bush3 (axiaIgroove,
a/b=0.708)at alI valuesof supplypressure.
Shaftspeed600r/min(10Hz)
The influenceof dimensionlessupplypressureupon
the locationof thereformationboundaryfor a fixed
eccentricityratio (8=0.7)and shaftspeedof 600r/min
for bush1is shownin Fig. 11.Thecorrelationbetween
theoryandpracticeis againgood,themaximumdis-
crepancybeingabout11° in IXratPr= 0.38.Theresults
shownin Fig. 11areconsistentwiththosefor dimen-
Fig.ll
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Dimensionlessupplypressure,pr
2.0
The influenceof dimensionlessupplypressureon
the lúcationof the film reformationboundaryfor
bush1 (oil hole).Shaftspeed600r/min (lO Hz),
eccentricityratioe= 0.74
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Fig. 12 The influenceof shaftspeedon the\ocationof the
film reformationboundaryfor bush2 (axia\groove,
a/b=0.409).Eccentricityratioe=0.67
sionlessideleakagein Fig.6forthemaximumvalueof
eccentricityratiotests(e=0.75).The theoreticallypre-
dictedflowrateis alwaysslightlylargerthanthatmea-
suredexperimentally.This in tumwouldcorrespondto
a predictedreformationboundarylocationupstreamof
thatactuallyobserved.
Theeffectofshaftspeedupontheanguíarlocationof
the reformationboundaryis shown in Fig. 12 for
bush2.Two valuesof supplypressure(Oand 1.7bar)
are consideredwith a fixedeccentricityratio (e=0.67).
Accordingto predictionsof thetheoreticalanalysisthe
reformationboundarylocation,CXr,shouldbeindepen-
dentof theshaftrotationalfrequencyat a zerogauge
supplypressurefora fixedeccentricityratio.Theexperi-
mentalresultsconfirmthispredictionwithdiscrepancies
in thelocationof thereformationboundaryofasimilar
magnitudeof thosepresentedin Fig.9 for Pr=O and
e> 0.5.For thefixedlubricantsupplypressureof 1.7
bar a maximumdiscrepancyof 16°betweenthetheo-
reticalandexperimentalvaluesofCXrwasobtainedata
shaftrotationalfrequencyof 800r/minoAt shaftspeeds
above600 r/min the instabilityat the reformation
boundarydescribedearlieroccurredandthisinfluenced
theempiricalvaluefor its location.The experimental
valuesfor reformationboundarylocationwereali up-
streamof thetheoreticallypredictedvatues.This iscon-
sistentoverallwith thecorrelationpresentedfor side
leakageflowinFig.8.
5 CONCLUSIONS
The authorshaveundertakena programmeof work
studyingtheinfluenceof lubricantfilm reformationin
plainjoumal bearings.Earlierpublications(l andPart
Proc Instn Mech Engrs Vol199 No C2
1of thepresentpaper)havedealtwiththeimplementa-
tion of a cavitationalgorithmto locateboth rupture
andreformationboundariesin acomputeranaJysisand
thepresentationof theoreticaldatageneratedusingthe
algorithm.In thepresentpaperaoexperimentali~vesti-
gationdesignedto establishthevalidityof theaoalysis
hasbeenreported.
1.The experimentalprogrammehas involvedthe
testingof threebushes,all madeof glassto facilitate
visualizationof thelubricantfilmoBush1hadanoil
supplyholewhilstthe otherbusheshad a supply
groove.In eachcasetheoil supplyto thebearingwas
locatedatthepositionofmaximumfilmthickness.
2. A widerangeof testshasbeencarriedoutusingeach
bushandvaryingtheeccentricityratio,supplypress-
ureandshaftrotationalspeed.Theresultspresented
havecoveredthelubricantsideleakagerateandthe
locationof thefilmreformationandrupturebound-
ariesandtheircorrelationwiththeoreticallypredict-
eddata.
3. Side leakagerate The agreementbetweenthe
experimentallydeterminedlubricantsideleakageand
thatpredictedtheoreticallyhasbeenoutstandingly
goodoverthewholerangeof testvariablescovered.
The excellentcorrelationobtainedis particularly
noteworthysincethedifferencesbetweentheoretical
and experimentaldata for flowrateare commonly
substantial.In theexperimentscarriedout by the
authorsspecificattentionwaspaidto thedesignof
theapparatusto ensuretheutmostaccuracyin the
determinationof theinfluentialvariables.In particu-
lar thedesignfixedtherelativelocationof theshaft
and bush, and hencethe eccentricityratio was
knownwithprecision.In testswheretheeccentricity
has to be measuredwith transducers,errorsare
easilyintroducedwhichcanleadtopoorcorrelation.
In additiontheminimizationof shaftjbushmisalign-
mentwasanimportantpriority.
However,a good correlationis also dependent
upona wellfoundedanalyticalmodel.Theinclusion
of a considerationof filmreformationin taepresent
analysishasbeenessentialin obtainingtheagree-
ment.Thisisdemonstratedin thefollowingtable:
Predicted dimensionlessside leakag
Flowrate for zero supply pressurewi
an eccentricityratio of 0.6
Clearly an analysiswhich only consideredthe
ruptureof thelubricantfilmwithnoconsiderationof
inleteffectsmaybesubstantiallyin error in thepre-
dictionofsideleakageflowrate.Theuseofsuchdata
in designwill in t\lmleadto unacceptableestimates
ofimportantlimitfngoperationalcriteria.
(Q IMechE 1985
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4. Location of the film reformationboundaryThe
agreementbetweentheobservedandpredictedfilm
reformationboundarylocationswasgoodfor eccen-
triCityratiosof 8>0.6.However,at low eccentricity
ratioandlowdimensionlessupplypressureasignifi-
cantdifferencewasobtained,theexperimentalvalue
ofC(rbeingupstreamof thepredictedposition.
5:Locanimof thefilmruptureboundaryA largediffer-
encebetweentheexperimentallymeasuredandtheo-
retically predictedposition of the film rupture
boundarywas obtainedalthoughthe trendof the
comparisonwasgood.Thediscrepancyis attributed
to theinadequatemodelartheruptureprocesswhich
doesnotadmitnegativegaugepressuresin thelubri-
cantfilmo
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